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Stud ies  have been d e l i b e r a t e l y  curt;ailed to  extend remaining funds as c l o s e  
as p o s s i b l e  t o  t h e  p r o j e c t  termination d a t e  of June 30, 1965. 
have t h e r e f o r e  concentrated on those  pe r t ions  of t h e  p r o j e c t  which have major 
bearing on t h e  e luc ida t ion  of t he  biophysical b a s i s  and c l i n i c a l  a p p l i c a b i l i t y  of 
t h e  method and which can conveniently be c a r r i e d  out  by t h e  above personnel, mcst 
of whom are supported wholly by other funds and who, t he re fo re ,  are a v a i l a b l e  
on a l i m i t e d  b a s i s  only. 

Research e f f o r t s  

B. I n v e s t i g a t i o n s  i n i t i a t e d ,  suspended, terminated, o r  completed: 

I. General: 

A l l  work performed during t h i s  repor t  per iod w i l l  be  l i s t e d ;  i n  t h e  absence 
of s p e c i f i c  mention work previous ly  reported " in  progress"  may be considered sus- 
pended o r  terminated. 

II. C l i n i c a l :  

1. The Mount Alto Veteran's Administration Hospi ta l  r e sea rch  remained a c t i v e  
through October and is present ly  suspended. 

2. The rheoencephalography-ballietocardiography study w a s  terminated s.iort Ly 
a f t e r  i n i t i a t i o n .  



3. The method of ca l cu la t ion  o f G t e r i a 1  _-_I cont r ibu t ions  t o  t h e  ce reb ra l  ci:- 
cu la t ion ,  previously reported as completed, has been reopened, modifiefl  
t o  include an apprec iab le  G t r a - c r a n i a l  L- t rGng-companent  r ecen t ly  d i s  - 
covered, and i s  present ly  under t h e o r e t i c a l  and c l i n i c a l  test. 

111. Basic: 

1. 

2. 

3. 

4. 

5. 

The t h e o r e t i c a l  s tudy of mul t i she l led  analogs of t h e  head by f i e l d  m a t i i -  
ematics continues. 

The t r a n s f e r  impedance s tudy continues. 
f u r t h e r  modified, extended, and appl ied  t o  sphe r i ca l  models. 

The Schmitt concept has been 

Conductivity s t u d i e s  of s t a t i c  and flowing blood have been i n i t i a t e d .  

A completely general  mathematical ana lys i s  of t h e  r e l a t i o n s h i p  of z.ny 
plethysmogram t o  the  t i s s u e  blood volume v a r i a t i o n s  from which i t  hris's 
has been i n i t i a t e d  and completed. 
venous flows based on t h i s  ana lys i s  has  been der ived and i s  under stud;(. 

A method of p red ic t ing  a r t e r i a l  and 

A simple Ohm's law ana lys i s  of i n t r a c r a n i a l  c i r c u l a t o r y  events and the]-r 
e f f e c t  on the o v e r a l l  impedance of t h e  head has  been i n i t i a t e d  and cam- 
p 1 e ted  . 

C. Resul t s  and Conclusions: 

I. General: 

As i n  previous r e p o r t s  minor r e s u l t s  w i l l  be ind ica t ed  but  no discussec.. 

11. C l i n i c a l  : 

1. Tracing ana lys i s :  
0 

a.  The ex i s t ence  of t h e  appreciable  ex t r ac ran ia l  t r ac ing  conponent 
repor ted  by Perez-Borja and Meyer has  bean confirmed and i d e n t i f i e d  by 
extension of t h e  method of arterial  compression previously developed; 
previous conclusions of this and o ther  i nves t iga t ions  
arises s o l e l y  from i n t r a c r a n i a l  events are the re fo re  erroneous. 
proximately 25 cases  have been s tud ied  and demonstrate t he  s u p e r f i c i a l  
temporal arteries con t r ibu te  15-60% of the waveform peak amplitude v h i i  e 
t he  sngular  and pos t e r io r  au r i cu la r  a r t e r i e s  each con t r ibu te  less than 
2% t o  the  t rac ing .  
a r t e r i e s  are c l i n i c a l l y  negl ig ib le ,  th&t  of the former i s  no t  and must 
be allowed f o r  i n  any attempted c l i n i c h l  appl ica t ion .  

t h a t  t he  REG 
Ap- 

Thus, while t h e  cont r ibu t ions  of t he  l a t t e r  two 

The previously reported method of ar ter ia l  component ca lcu1at i .m 
has been successfu l ly  extended t o  inc lude  t h i s  add i t iona l  f a c t o r ;  a..alJ - 
s is. of t he  above t r ac ings  ind ica t e s  f u r t h e r  that  the e x t r a c r a n i a l  c:-oss- 
r e g i s t r y  f r a c t i o n  and the  ex t r ac ran ia l  t ransmidl ine shunt a r e  usua l ly  
zero  and are always c l i n i c a l l y  negl ig ib le .  
regarding t h e  intracranial c ross - reg is t ry  f r a c t i o n  remain va l id .  

The previous conclusions 

. .  
1 



4. 
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The above r e s u l t s  combined wi th  those  previously reported i n d i c a t e  
t h a t  the  problem of i d e n t i f i c a t i o n  of ind iv idua l  t r ac ing  components i s  
probably complete and can be  s tudied with reasonable  r igor .  The objec- 
t i o n  of Perez-Borja and Meyer t h a t  REG i s  use l e s s  because of t h e  ex t ra -  
c r a n i a l  "contamination" is erroneous on c l o s e r  inspect ion;  s i n c e  t h e  
method of occlusions permits t he  separa t ion  of t h e  ex t r ac ran ia l  and 
i n t r a c r a n i a l  components t h e i r  waveforms and amplitudes can be determined 
and compared both i p s i l a t e r a l l y  and c o n t r a l a t e r a l l y .  S p e c i f i c a l l y  this  
suggests  increased accuracy and refinement i n  using t h e  method f o r  moni- 
t o r ing  normal sub jec t s  and the important c l i n i c a l  p o s s i b i l i t y  of l oca l -  
i z ing  c r a n i a l  c i r c u l a t o r y  dis turbances above o r  below the  c a r o t i d  b i f u r -  
cat ion.  

- - 
2. The c l i n i c a l  accuracy of t h e  method i n  t h e  c l i n i c  cases cont inues 

a t  i t s  previously repor ted  high level. 
ology was success fu l ly  predicted but w a s  l a t e r a l i z e d  improperly due t o  
t h e  v a s c u l a r i t y  of t h e  tumor, 

In one case the presence of path- 

I 

f 

Because of the m u l t i p l i c i t y  of i n t r a c r a n i a l  and e x t r a c r a n i a l  c i r -  
cu la tory  f a c t o r s  p lus  those cnntr ibuted by t h e  method i t s e l f  the above 
series of pa thologica l  and normal cases should be extended t o  develop 
proper cr i ter ia  f o r  t r ac ing  ana lys i s  and e luc ida t ion  of i n t r a c r a n i a l  
c i r c u l a t o r y  mechanisms. 

111. Basic: 

1. The above e a s i l y  demonstrated apprec iab le  ex t r ac ran ia l  t r ac ing  
component de tec ted  a t  in t e re l ec t rode  d i s t ances  g r e a t e r  than 1 2  cm. where 
t h e r e  i s  no "near f i e l d "  ovej-lap sug:ests  e i t h e r  t h e r e  i s  an apprec i ab le  
shunting of t he  cu r ren t  tlir011:;h subc I t  aneous t i s s u e  paths  r a t h e r  than 
through the  i n t r a c r a n i a l  reg  .on, o r  (.he subcutaneous c i r c u l a t o r y  changes, 
d e s p i t e  t h e i r  s m a l l  magnitude, a r e  rn pni f ied  i n  the "near f i e l d "  reg ion  
about t h e  e l ec t rodes ,  o r  a combinati r, of these  mechanisms i s  operant.  
The previously reported p lo t s  of r e s i s t a n c e  versus  i n t e r e l e c t r o d e  d i s -  
tance show a r ap id  f a l l  i n  r e s i s t ancz  below 8 cm. due t o  "near f i e l d "  
overlap and assoc ia ted  increased ex t r ac ran ia l  shunting of cur ren t .  
above observat ions suggest the emplo ment of extreme caut ion i n  a t t e m p t -  
ing t o  a s c r i b e  an appreciable  i x t r a c - a n i a l  component t o  t r ac ings  taken 
with e lec t rodes  placed c loser  than 7 cm. apar t .  

The 

2. Detai led cons idera t ion  of t he  previously reported proof of Schmit t ' s  
t r a n s f e r  impedance concept ind ica tes  t he  previous remarks cont inue v a l i d ;  
t he  pass ive  e l e c t r i c a l  p roper t ies  of head can be determined by such 
measurements, provided t h e  measurements are taken i n  t h r e e  dimensions, 
i .e .  no t  only from t h e  sur face  but  a t  i n t e r i o r  po in ts .  Since this  re- 
qu i r e s  depth e l ec t rode  s tudies ,  which a r e  inva l ida t ed  by d i s rup t ion  of 
skull cont inui ty ,  the method o f f e r s  only the advantage of determining t h e  
impedance p rope r t i e s  of t h e  head from vo l t age  mapping a lone  when c u r r e n t  
and impedance d i s t r i b u t i o n s  a r e  unknown. 

- 
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Since t h e  a i m  i n  developing t h i s  method i s  t o  impedance-map t h e  head 
wi t tou t  pene t ra t ing  the  sca lp  var ious mathematical extensions were con- 
s idered and discarded u n t i l  the  following formulat ion w a s  found. The 
s u r f a c e  geometry of a head can be measured q u i t e  p rec i se ly ;  t he  gr:ss 
iilatony of t h e  head and b r a i n  i s  known, i s  tabula ted  i n  var ious  s t c r e o t a x i c  
a t l a s e s ,  and i s  reasonably regular  and symmetrical. Using t h e  known 
geometry of anatomical s t r u c t u r e s  one can mathematically assume the  head 
t o  be made up os subvolumes whose boundaries co inc ide  with known s t r u c t u r e s  
each of which might reasonably be assumed t o  be e l e c t r i c a l l y  homogeneoJs. 

The p rope r t i e s  of each subvolume need not be similar t o  those  of any 
o ther  subvolume and are, of course, unknown. 

If one next  measures the  t r a n s f e r  impedance func t ion  over t h e  head, 
imposes the  measurements on the  above geometr ical  analog, and solves  f 3 r  
t he  e l e c t r i c a l  p rope r t i e s  of t he  var ious  subvolumes, one ob ta ins  t h e  dt.- 
s i r e d  three-dimensional impedance dens i ty  map of the head from what ar3 
e s s e n t i a l l y  two-dimensional sur face  measurements. Since the  electrical  
p rope r t i e s  change markedly with frequency mul t ip l e  measurements would 3e 
necessary. 

Since electrical proper t ies  change wi th  d i sease  such a map may permit  
l o c a l i z a t i o n  of pathology once a s u f f i c i e n t  number of normals has been 
s tudied.  

Once such a map has  been obtained f o r  t h e  proper f requencies ,  su r -  
f a c e  s i g n a l s  (EEG a c t i v i t y )  can be measured and their sources  located i n  
t h r e e  dimensions. 

.- 

Fina l ly ,  such a map w i l l  enable t h e  p red ic t ion  of cu r ren t  f i e l d  
d i s t r i b u t i o n s ,  the relative weighting f o r  the va r ious  REG component va lues  , 
and t h e  conversion of t hese  weighted va lues  t o  blood volumes and flows, 

The accuracy of mapping i s  l imi t ed  by t h e  number and s i z e  of t h e  
assumed subvolumes which a re ,  i n  tu rn ,  l imi t ed  by the computing capabi l -  
i t i e s  a t  hand. Present  information suggests  t h e  number of subvolumes 
which can be handled w i l l  be s u f f i c i e n t l y  l a r g e  t h a t  major subcor t i ca l  
s t r u c t u r e s  can be separated.  

3. The a n a l y s i s  of t h e  mult ishel led head model has bean c a r r i e d  forward 
s u f f i c i e n t l y  t o  deteumine the  computabili ty of t h e  unknown conduc t iv i t i e s  
of the  var ious  regions using vol tages  measured a t  se l ec t ed  su r face  po in t s  
on the  model. Unfortunately t h e  equations cannot be programmed. 

A s i m s f f i c a t i o n  involving averaging of vo l t ages  measured around c i r -  
cles of l a t i t u d e  w a s  equally not  computable, but  a f u r t h e r  s i m p l i f i c a t i o n  
r equ i r ing  averaging of vol tages  a s  above p lus  along circles of l ong t i tude  
reduces the manipulations t o  desk c a l c u l a t o r  s impl i c i ty .  
p o s s i b i l i t y  of applying t h i s  s impl i f i ed  method t o  a p r o l a t e  spheroid,  a 
b e t t e r  model of the head, i s  under inves t iga t ion .  When completed, var -  
ious  sub jec t s  w i l l  be  measured t o  determine the conduc t iv i t i e s  and d i -  

A t  p re sen t  t he  

.. 
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electric cons tan ts  of l i v i n g  scalp,  sku l l ,  CSF, and "lumped" brain.  Thcse 
va lues  f o r  t h e  var ious  s o l i d  t i s s u e s  a r e  otherwise almost impossible t c ,  
obtain.  

Values obtained by t h e  above t w o  methods khould converge as mutual 
accuracy checks. 

4. Recently, e l ec t rode  designs have been reported which e l imina te  thc 
"streaming po ten t i a l s "  and motion " a r t i f a c t s t '  f requent ly  observed dur i r  g 
b io log ica l  s tud ie s .  Consideration of t h e i r  presumed mechanism of func- 
t i o n  ind ica t e s  that: t he  apparent conduct ivi ty  of a homogeneol's s o h  iior 
flowing through a s tandard conduct ivi ty  cell  should r ise  wi th  increasec 
flow ve loc i ty .  
rises wi th  increased flow v e l o c i t y .  arid have been c i t e d  aga ins t  REG anaiy- 
s is  based on purely volumetric changes. 
conduct ivi ty  a t  var ious  flow rates i s  necessary and has  been i n i t i a t e d .  

Several  publ ica t ions  r epor t  t h e  conduct ivi ty  of blood 

A study t o  redetermine blood 

A s  present ly  planned a conven t i cnd  conduct ivi ty  c e l l  f o r  flowing 
liquids w i l l  be  modified t o  include severa l  remote undis turbed e lec t roc  es  
s o  t h a t  both types of measurements can be  taken simultaneously on the  
same flowing liquiclr. 

A coaxia l  cell  i s  a l s o  being designed f o r  t h e  same measurement:; by 
pulse  ana lys i s  methods not  only t o  check the  above va lues  by a non-quasi- 
s t a t i c  method bu t  a l s o  t o  attempt t o  d e t e c t  any inductance that may be 
present  i n  t h e  b io log ica l  mater ia l .  The la t te r  i s  of i n t e r e s t  a s  bio- 
l o g i c a l  ma te r i a l s  apparent ly  have no measurable inductance. 

5. A method of preparing r i g i d  homogeneous i s o t r o p i c  spheres  of agar- 
agar g e l  dimensionally accura te  and s t a b l e  t o  wi th in  O . 0 O l t 1  whose con- 
d u c t i v i t y  can be e a s i l y  va r i ed  through a wide range of va lues  has been 
successfu l ly  developed. 

! Surface vo l t age  p l o t s  f o r  cu r ren t s  appl ied a t  var ious  e l ec t rode  
p o s i t i o n  agree w e l l  wi th in  experimental accuracy with those theo re t i c -  
a l l y  pred ic ted  and s u b s t a n t i a t e  the previously repor ted  u s e  of these  
models 

Preliminary r e s u l t s  i n d i c a t e  the  t r a n s f e r  func t ion  method charzc- 
t e r i z e s  these  conductive volumes extremely w e l l ;  depth sources  can be 
loca l i zed  within experimental accuracy, 
the  pass ive  e l e c t r i c a l  p rope r t i e s  of t he  head by such i n d i r e c t  methods 
is thus reinforced.  
l e m  of the  biophysical  o r i g i n  of the REG t r ac ing  components and t h e i r  
r e l a t i v e  weighting f o r  cnnversion t o  blood volumes can be e a s i l y  de t e r -  
mined. 
w e l l  be loca l ized .  

The p o s s i b i l i t y  of cha rac t e r i z ing  

Once a s u b j e c t ' s  head has been so s tud ied  t h e  prob- 

Further ,  t h e  sources  of var ious  EEG s i g n a l  components can equal ly  

6 .  The v a l i d i t y  of the long accepted Munro-Kellie hypothesis  of t he  
invar iance  of the i n t r a c r a n i a l  volume has been challenged on the b a s i s  



t h a t  t h e  REG t r ac ing  ind ica t e s  an inc rease  i n  conduct ivi ty  wi th  s y s t o l i c  
ar ter ia l  inflow. The Munro-Kellie hypothesis  r equ i r e s  tha t  blood, having 
a lower conduct iv i ty  than CSF, d i s p l a c e  CSF w i t h  a r te r ia l  inflow; super- 
f i c i a l  cons idera t ion  would then p e d i c t  a decrease i n  conduct iv i ty  a t  
va r i ance  wi th  t h e  observed REG events.  

I f  one assumes (for de r iva t iona l  s impl i c i ty )  t h e  head i s  a sphere  
composed of an i n t e r i o r  sphere of blood covered w i t h  a t h i n  s p h e r i c a l  
s h e l l  of CSF contained i n  a cigid spilerical s h e l l  of bone having appro- 
p r i a t e  openings f o r  f l u i d  s h i f t s ,  all.  covered by a f i n a l  s p h e r i c a l  s h e l l  
of blood, Equation (1) call b. der ived f o r  t h e  i n t r a c r a n i a l  conduct iv i ty  
change assuming t h e  v a l i d i t y  of t h e  k!llnro-Kellie hypothesis:  

where'r, a n d G a r e  the conduct iv i t i - s  of 
of t h e  blood volume expressed as a sphere, and dVB 
blood volume. i 

CSF and blood, XB is  the rad ius  
i s  t h e  change i n  

It should be noted this equatioti p red ic t s  an inc rease  i n  conduct iv i ty  
d e s p i t e  t h e  CSF displacement. 

A similar t reatment  gives  t h e  conduct iv i ty  changes for t h e  extra- 
c r a n i a l  l aye r  (Equation 2) : 

Since these  conductances a r e  i n  p a r a l l e l  t h e  d i f f e r e n t i a l s  sum 
( Equation ( 3 )  ): 

(3) dLT = dLi + dLo = k i  dVB 4- ko dVBo i 

which p r e d i c t s  t h e  observed phenomena and a l s o  the  a l ready  discussed 
d i f f e r e n t  weighting constants  f o r  e x t r a c r a n i a l  and i n t r a c r a n i a l  blood 
volume changes when expressed as conductance changes. 

S h i f t i n g  the e l ec t rodes  from diamet r ica l  placement c l o s e r  toge ther  
varies the  weighting constants  ( a s  might be  expected) but  does not  change 
t h e  s i g n  r e l a t i o n s .  

Changing t h e  geometry t o  a p r o l a t e  spheroid,  a l ready  shown t o  be  a 
c l o s e  approximation of t he  head, does n o t  change t h e  above conclusions,  
nor does changing t h e  blood volume t o  volumes of t i s s u e  containing a 
uniform d i s t r i b u t i o n  of blood. 

7. If one considers  t h a t  the blood content  of any t i s s u e  reg ion  con- 
s is ts  of a t ime-variable  p u l s a t i l e  flow component a r i s i n g  from v a r i a t i o n s  
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i n  s y s t o l i c  pressure ,  a constant flo\p component due t o  d i a s t o l i c  pr?ssi . re ,  
and a cons tan t  volume represent ing the  t i s s u e  blood content  a t  zero  prc 5 -  

sure ,  expressions can be  eas i ly  w r i t t e n  f o r  both a plethysmogram rezork X I  
by any method and f o r  the  blood volune i n  t h e  corresponding t i s sue .  

D i f f e ren t i a t ing  twice one f i n d s  t h e  second de r iva t ives  of both ex- 
press ions  are  iden t i ca l .  I lathematically,  t h e  blood volume and t h e  ,>le- 
thysmogram depend i n  p a r t  on t h e  d i f f e r e n c e  between t h e  ar ter ia l  inElo1 
and t h e  venous outflow; where the  second d e r i v a t i v e  i s  zero  these  f!ow 
a r e  cons tan t  and equal. Since during the  l a t t e r  po r t ion  of s y s t o l e  thr 
a r t e r i a l  p ressure  f a l l s  a t  a r a t e  governed.iby t h e  cons tan t  capi1lar:l  r( .- 
s i s t ance ,  t h e  remainder of the second d e r i v a t i v e  c u m e  from t h e  ze ro  
po r t ion  t o  t h e  onse t  of t h e  next s y s t o l e  r e f l e c t s  purely venous outXo1. 
changes. I f  these  are considered t o  be  symmetrical, i.e., t h e  r ise  i n  
venous outflow wi th  onset  of s y s t o l i c  p re s su re  r i s e  i s  a mir ror  image o f  
t he  f a l l  i n  venous outflow with s y s t o l i c  pressure  f a l l ,  one can choose a 
po in t  on the  plethysmographic f i r s t  d e r i v a t i v e  curve corresponding t o  
somewhere i n  t h e  zero  por t ion  of t he  second de r iva t ive ,  consider  i t  and 
a l l  subsequent events  t o  t h e  next  s y s t o l i c  onse t  t o  be  venous outflaw, 
and cons t ruc t  a curve represent ing t h e  venous flow funct ion.  This l a t te r  
subt rac ted  from t h e  plerhysmographic f i r s t  d e r i v a t i v e  g ives  t h e  a r t e r i a i  
flow function. 
s i g n i f i c a n t l y  from t h e  cu r ren t ly  accepted concept t h a t  venous outflow i s  
cons tan t ;  it p r e d i c t s  t he  venous outflow rises with r i s i n g  s y s t o l i c  pres -  
s u r e  t o  a h igher  level which then remains reasonably cons tan t  throughout 
t he  pu l se  u n t i l  no longer sus t a ined  by the f a l l i n g  s y s t o l i c  pressure.  

It should be noted t h a t  th is  r e s u l t  varies s l i g h t l y  but  

- 
Review of t h e  l i t e r a t u r e  i n d i c a t e s  no s t u d i e s  have been performed 

where instantaneous arterial and venous flows and plethysmograms have 
bzen simultaneously determined. 
conclusion of t h e  r e s i s t i v i t y  vs. blood flow s tudies .  

; 

Such s t u d i e s  are  planned following the  
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